Abstract: This study was conducted to establish a predictable method for a heat load of an underground structure with sufficient accuracy. As the first step, our previous paper reported the measurement results of field experiments on an underground experimental basement under internal heat generation conditions. Also, it presented the results of numerical analyses on the heat and moisture behavior and the influence of internal heat generation of the experimental basement and ground. However, it is practically impossible to utilize the model of simultaneous heat and moisture transfer at the design phase because the prediction by the model of simultaneous heat and moisture transfer requires a long calculation time. In this paper, the authors present the simple load calculation technique, using a linearized approximation indicial response of the inner surface heat flux in a basement to outdoor air temperature change. In addition, the approximation indicial responses for each part of the single-walled concrete drawn using this technique are arranged. The heat load calculation example of application to the basement of the optional size by this technique is shown. 
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Introduction
This study has aimed to clarify the heat and moisture behavior and heat load characteristics of underground structure and surrounding ground, and to establish the predictable method for the heat load of the underground structure in enough accuracy.
Many studies have been conducted on the thermal properties and heat load calculations of underground spaces. Ogura and Matsumoto et al. [1, 2] have investigated heat and moisture behavior of underground space and its surrounding ground under natural condition.
Park et al. [3] have conducted field experiments to evaluate the heat and moisture behavior of an underground basement and surrounding ground under an internal heat generation condition and natural meteorological. Park et al. [4] reported the results of prediction for the heat load of an underground structure and the results of evaluation for the heat and moisture behavior by conducting a numerical analysis of simple heat diffusion and simultaneous heat and moisture transfer based on measured value. It was made clear that it is possible to estimate the field of heat and moisture of surrounding ground as well as the heat/moisture behavior in the underground structure under meteorological conditions such as a rainfall, etc.. However, it is practically impossible to utilize the model of simultaneous heat and moisture transfer at the design phase because the prediction by the model of simultaneous heat and moisture transfer requires a long calculation time.
Therefore, the authors suggested the method for heat load prediction by linear approximation under the optional time fluctuation of various meteorological conditions. It also precisely calculates the dynamic heat load in the basement.
In this paper, the authors present the simple load calculation technique using a linearized approximation indicial response of the inner surface heat flux in a basement to outdoor air temperature change and its validity. In addition, the approximation indicial responses for each part of the single-walled concrete drawn using this method are arranged and the heat load calculation example of application to the basement of the optional size by this method is shown.
The Governing Equations
The simultaneous heat and moisture transfer equations are the governing equations for the analysis as a whole [5] . The simultaneous heat and moisture transfer in the concrete and ground can be described by Eqs. (1) and (2), equations derived with the assumption of local equilibrium between the liquid phase and the gas phase of water without the solid phase (ice).
where, T and F w are the temperature and gravity, respectively, and μ is the water chemical potential relative to the free water. The boundary conditions of heat and moisture transfer at the ground surface level are described by the following equations:
where, subscript s is the surface.
The heat and moisture equation for the air in the underground space are described by the following equations:
The relation between water chemical potential μ and water vapour pressure p is as follows:
where, R v , p and p sat are the universal gas constant for water vapour partial pressure, respectively.
The Linearized Prediction Method under the Optional Time Fluctuation
If the object system is the linear and time-invariant, the optional vibration and response is expressed by Duhamel's theorem of analogy [6] . If the weight function that is the response of the system to the delta function of Dirac of Impulse function is expressed to h Φ (t), the response q(t) to the optional time fluctuation of meteorological condition Θ(t) is described by the following equation:
As the object in the present study is nonlinear simultaneous heat and moisture transfer system, the weight function is a time-varying system and it is difficult to acquire the solution as linear system. Accordingly, the calculation becomes extremely difficult by using Eq. (8) The response to outdoor air temperature is much larger than those to other meteorological elements, therefore, this paper presents a time-invariance of indicial response of heat flux on the inner wall of basement to the outdoor air temperature.
Outline of the Numerical Analysis

Analytical Model
Analytical model is the experimental basement which is laid under completely. The experimental basement was constructed in 1997 and located in Tsu, a city in central Japan. The floor plan and sectional plan of the experimental basement are shown in Figs. 1 and 2. Once the basement was installed underground, the roof was at a depth of 1.0 m below the ground level. To clarify the influences of moisture from the ground, the wall of the basement was constructed with reinforced concrete untreated by any form of waterproofing or moisture prevention processing. The thicknesses of the ceiling/side wall and floor were 0.25 m and 0.3 m, respectively. Blinding concrete and crushed stone were additionally paved below the floor level to a thickness of 0.3 m, and refer to previous paper for other data [3] . Fig. 3 shows the schematic diagram of the analyzed system. The validity of nonlinear numerical analyses to evaluate the heat and moisture behaviour and predict the heat load of the underground structure was confirmed by Park at al. [4] . However, to minimize the tedium and complexity of nonlinear numerical analyses by the three-dimensional coordinate system, the numerical analysis of the basement in this study was treated as a two-dimensional coordinate system.
Meteorological Conditions
The expanded AMeDAS weather data of Tokyo that has precipitation, outdoor air temperature, outdoor relative humidity and solar radiation recorded hourly was used for the numerical analysis [7] . The annual mean temperature of Tokyo was 16.6 ºC, and annual solar radiation and precipitation were 75.0 MWh/m 2 and 1,550 mm, respectively. Table 1 shows the heat and moisture transfer coefficients and other physical properties of materials. The existing measurement by Hendenblad [8] and presumed values by Ogura [2] was applied as the actual physical property values of concrete. These values were used as there were no actual physical property values which could be applied from an unsaturated field to a saturated field. Outdoor air α΄ mo 1.14 × 10 
The Physical Properties of Materials
Boundary Conditions and Calculation Conditions
The annual mean outdoor air temperature of 15.2 o C is applied at the bottom of the ground (G.L-16.5 m) for the first kind of boundary condition. Also to prevent emanation in the calculation, a water chemical potential of -1 J/kg is applied on the underground water table as the specified value for moisture. Besides that, the third kind of boundary condition is applied at the ground surface, while that at the periphery of the analysis region is assumed for the second kind of boundary condition (heat flux = 0, moisture flux = 0). Indoor air temperature and relative humidity of basement were assumed to be specified during the year by 22 ºC and 50%, respectively. The numerical analysis of the basement and its surrounding ground is treated as a two-dimensional coordinate system and performed by the finite difference method, with assumed homogeneity of the ground soil/concrete (Fig. 3) . To acquire an accurate calculation result, the length and time steps are divided into very small increments. The increments of vertical and horizontal direction of the ground were 0.025-2.0 m and 0.01-1.0 m, respectively. The wall of basement was divided into 0.01-0.05 m. The number of increment of Δx × Δy is 24 × 47. The time step Δt for the calculation is 15 s while during 15 min after rainfall the time step is 5 s to prevent emanation in the calculation.
The indicial response of the heat flux at the inner surface of wall to outdoor air temperature change was calculated from the difference between the heat flux at the reference outdoor air temperature and the heat flux at the step change from it.
As the response of moisture flux at the inner surface of wall to outdoor air temperature change was extremely small, the influence of moisture flux variation can be disregarded.
Therefore, if the moisture flux at the inner surface of the wall to outdoor air temperature changes under the standard meteorological conditions is acquired, the latent heat loads of the basement can be predicted with sufficient accuracy. 
Time-Variance of Sensible Heat Flux under the Outdoor Air Temperature
The Linearized Prediction by Standard Approximate Indicial Response
The overall heat transfer load was calculated using Eq. (9) and outdoor air temperature in Tokyo. In consideration of calculating the usual heat load calculation using the meteorological data obtained discretely, it was calculated by the response factor method. Fig. 7 shows the comparison between the calculation result by the response factor method and the exact calculation result (nonlinear solution) by nonlinear simultaneous heat and moisture transfer is roughly predictable as shown in Fig. 7 , through the year. In addition, it is clarified that the accuracy by a response factor method was higher than the calculation results by the simple heat diffusion.
When heat load calculation of this basement for one year was performed, the computation time took tens of hours when the nonlinear simultaneous heat and moisture transfer equations were used. On the other hand, it was shortened in a few seconds by this approximation response factor method.
The Linear Approximation Indicial Responses about Each Part of Single-Walled Concrete
In the previous section, from a viewpoint of shortening the computation time, the simple load calculation method by the approximation indicial response of the liner heat flux to outdoor air temperature change, and its validity were showed for the experimental basement, which is laid underground completely.
In this section, in order to apply this method to the thermal load calculation of a more realistic basement, the approximation indicial response in each position of the wall and floor were calculated for the basement as shown in Fig. 8 . 
Calculation Conditions
In order to minimize the tedious and complexity of nonlinear numerical analyses, the numerical analysis of a housing-sized basement is treated as a two-dimensional coordinate system and performed by the finite difference method, with assumed homogeneity of the ground soil/concrete. The expanded AMeDAS weather data of Tokyo was used for this numerical analysis and other calculation conditions are the same for this computation, as described in the previous section.
Heat Flux Comparison by the Difference of Depth of Basement
The difference of heat flux by the difference of depth of housing-sized basement was investigated in this section.
The depth of floor position of the basement of three cases is 2 m, 3 m and 4 m were calculated. As shown 
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in Figs. 9 and 10, the positions of the computed heat flux were in five points (A-E) at the floor and three points (A-C) at the wall.
The Linearized Prediction of the Heat Load in Basement
Indicial Response of Heat Flux by Each Part of Wall and Floor
The original function φ(t) of the approximation indicial response to the outdoor air temperature change at the depth of 3.0 m calculated by using the heat flux on each part of wall and floor investigated in the previous section are as follows: 
Linearized Prediction by Indicial Response
The overall heat transfer loads of all the area on the wall and the floor of basement were treated as a two-dimensional section in the three kinds of floor depths 2.0 m, 3.0 m and 4.0 m, which were calculated by a convolution calculation of the response factor and outdoor air temperature. The difference of the annual heat load and the maximum heat load between the linearized approximation solution and the exact solution were about 4.3%-9.6% and 2.1%-7.2%. It was clarified that the linearized approximation solution has a good predictable accuracy to the exact solution. Therefore, the heat load prediction of the basement using standard indicial response of all parts of wall and floor is applicable to a practical use calculation for a design.
Application Method under the Optional Depth Variation
In this section, the overall heat transfer load of the basement of an optional floor depth position was calculated using the indicial responses in each position of the wall and floor shown in the previous section.
A comparison of the approximate solution and the exact solution, of the overall heat transfer load, in the basement section in case, the floor depth position is 3.5 m is shown in Fig. 14 The difference of the annual heat load and the maximum heat load between linearized approximation solution and exact solution were about 5% and 2.6%, respectively. Also, the value agreed well throughout a year. can be calculated very easily. This method is very effective as the design tool. Consequently, the next phases of this study will focus on the arrangement of the indicial response according to the part of some actual wall structure including thickness difference of the thermal insulating materials.
Conclusions
